Interstellar origin meteoroids have now been detected using radar, image intensified video, large aperture radar and space dust impact techniques. Dynamical and radiation production mechanisms will eject some meteoroids from other planetary systems into orbits which will impact Earth with high geocentric velocities. In this paper we numerically model the ablation of high geocentric velocity (71 to 500 km s −1 ) meteors in order to predict the heights, light curves and trail lengths to be expected. We modeled three compositions and structures: asteroidal, cometary and porous cometary. Meteoroid masses ranging from 10 −6 to 10 −13 kg were used in the model. As expected, these high geocentric velocity meteors, when compared to other meteors, ablate higher in the atmosphere. For example a 300 km s −1 cometary structure meteor of mass 10 −9 kg will have a peak luminosity at about 190 km. They will also have significantly longer trail lengths. The same 300 km s −1 , 10 −9 kg cometary meteor would be within 2 mag of its peak brightness for a vertical displacement of 60 km if incident at a zenith angle of 45
Introduction
It has now become well established that meteors of interstellar origin have been detected by image intensified charge coupled device (CCD), radar, large aperture radar and space detector techniques (Hawkes et al. 1999) . While most such meteors will have pre-Solar System velocities which are of the order of the random velocities of stars in the solar neighbourhood (typically 10 to 40 km s −1 ), occasionally we would expect that interstellar origin meteoroids will have much higher encounter velocities. There is some evidence for the radar detection of meteors with high geocentric velocities. Taylor et al. (1996) found that nearly 1% of the meteors observed with the Advanced Meteor Orbit Radar (AMOR) had apparent velocities of greater than 100 km s −1 . This leaves open the possibility of a significant number of meteors with high geocentric velocities. No optical detections with very high geocentric velocities exist, and as pointed out by Hawkes et al. (1999) even most heliocentric hyperbolic orbits result in geocentric velocities less than 72 km s −1 due to the statistics of likely encounter conditions. However the sample of interstellar origin meteors detected Current address: Physics Department, University of Ottawa, ON Canada. optically is small, and the observational velocity characteristics are not well established.
While a number of interstellar meteor production mechanisms are possible, perhaps the most likely methods for injection of meteoroids into interstellar space are radiation pressure forces from massive stars and dynamical interactions involving planets around stars with significant dust clouds. Brophy (1991) provided an early analysis of the flux of interstellar material expected and detected at the Earth. Hawkes & Woodworth (1997) used a very simple model to show that radiation pressure from massive young stars might produce the interstellar meteoroids detected using space, radar and optical techniques. A recent study of meteoroid ejection velocities from pre-main sequence stellar systems taking into account radiation pressure, Poynting-Robertson and gravitational forces suggests that in some cases small meteoroids may be produced with velocities of the order of at least several hundred km s −1 (Quirt & Hawkes 2005) . Recently Murray et al. (2004) have considered production mechanisms from AGB stars, young stellar objects such as T Tauri stars, and debris disks around Vega-like stars. They have also considered the survival in interstellar space of such material. Baggaley (2000) suggests that a significant fraction of the AMOR observed interstellar meteoroids may come from a single source β-Pictoris. A possible luminous efficiency factor -production mechanism has been suggested by Krivova & Solanki (2003) . Baggaley & Neslusan (2002) have examined how a stream of particles from a single interstellar source would encounter the Earth in terms of observed velocity distributions. Murray et al. (2004) , however, have recently suggested that it is unlikely that radar detectable interstellar meteors are produced by β-Pictoris. Issues of the subsequent destruction of these interstellar meteoroids (see e.g. Jones et al. 1997; Murray et al. 2004) , or their velocity alteration in interstellar space may mean that very few would be expected to survive to Earth. The possibility exists, however, of at least a small sample of very high geocentric velocity material.
In this paper we model the heights, trail lengths and luminosities expected from high geocentric velocity meteor ablation in the Earth's atmosphere. We have modeled meteoroids with three different compositions and structures; asteroidal type meteoroids, cometary structure meteoroids, and porous cometary material. This does not presume that significant numbers of meteoroids with such velocities have been shown to exist. Rather, by providing predictions of their observational characteristics we hope to provide direction to those who seek to prove or disprove the existence of detectable numbers of high geocentric velocity interstellar origin meteoroids. In a short preliminary paper (Rogers et al. 2005a) we first considered the ablation of high geocentric velocity meteors. The current paper extends the velocity regime, expands the number of composition-structure models, and provides more complete information on the height, trail length, and light curve results. Also, we provide here for the first time the details of the numerical models used.
Theory
Due to the fact that thermal ablation theory is well established in meteor physics (Öpik 1958; McKinley 1961; Hawkes & Jones 1975; Nicol et al. 1985; Ceplecha et al. 1998; Fisher et al. 2000) , we will only review the ablation equations. The parameters within the equations are defined in Table 1 and their values (where applicable) are given.
The rate of change of height of a meteoroid entering the Earth's atmosphere follows from simple geometry;
As the meteoroid travels through the atmosphere, collisions with atmospheric constituents will cause its momentum to decrease. If we equate the momentum per second lost by the meteoroid to the momentum per second gained by the atmospheric particles, we can obtain the meteoroid deceleration equation;
To obtain the rate of change of temperature of the meteoroid, we assume that we have a homogeneous meteoroid experiencing an isotropic heat flux. We also make the assumption that the meteoroid undergoes isothermal heating. The heat balance equation per cross-sectional area is then given by
The term on the left hand side of Eq. (3) represents the meteoroid heat flux received per unit cross-sectional area from the impinging molecules. The terms on the right hand side of Eq. (3) represent heat lost due to thermal radiation, meteoroid heating, and vaporization. If we solve Eq. (3) for dT/dt, we obtain
Previous studies of meteoroid ablation have assumed that meteoroids lose mass only when they have reached their boiling point (e.g. McKinley 1961; Hawkes & Jones 1975; Nicol et al. 1985; Fisher et al. 2000) . That assumption, however, neglected the small amount of evaporation that occurs as the meteoroid is heating before reaching its boiling point. To account for this small amount of mass loss, we have instead used the vapor pressure to model the ablation of the meteoroid following the method of Bronshten (1983) and Adolfsson et al. (1996) .
The saturated vapor pressure is determined using the Clausius-Clapeyron equation;
We have adopted the thermal parameters (C A and C B ) used by Adolfsson et al. (1996) ; see Table 1 for the values. The light intensity of the meteoroid was calculated using the normal luminous equation
The luminous efficiency factor, τ I , represents the fraction of the meteoroid's kinetic energy which has been converted into light energy in the visual range. The value of the shape factor A, 1.21, represents a spherical meteoroid. We used the values employed by Fisher et al. (2000) for Γ, Λ, , T a , c and L.
When modeling the ablation of a meteoroid, the atmospheric mass density is a very significant quantity. Older models used simplified constant scale height atmospheres, but we have used a more recent model; the NASA Mass-Spectrometer-Incoherent-Scatter Extended (MSISE) 1990 atmospheric model (Hedin 1987 (Hedin , 1991 . Since there has been evidence that the atmospheric mass density varies both with the season and the solar cycle (Ellyett 1977; Šimek & Pecina 2002) , we have done an extensive averaging process to ensure that our values represent a reasonable mean behaviour. We have been guided by the equations presented in Rogers et al. (2005b) but since the mass density at higher altitudes is very important to this work, we have slightly refined their atmospheric profile. The dependence of the averaged atmospheric mass density with the height above the surface of the earth is displayed in Fig. 1 .
Equations (1), (2), (4), and (5) form a system of coupled differential equations. They were solved numerically using a 4th order Runge-Kutta numerical method. We used a semiadaptive step size as described in Rogers et al. (2005b) . The initial (and maximum) step size was chosen so that the meteoroid traveled 5 cm between each iteration. As the meteoroid began to experience significant mass loss, the step size was reduced; this variable step size was taken to be proportional to the meteoroid mass while inversely proportional to the meteoroid velocity and rate of change of mass. During the final stages of meteoroid ablation, the step size was held constant at its value at the meteoroid's peak light intensity. The model began with the meteoroid at an altitude of 500 km and a temperature of 250 K and it terminated when the meteoroid mass had decreased to 0.00001 of its initial value or when the meteoroid velocity had decreased to below 6.2 km s −1 (at which point the light intensity decreased to zero).
Meteor luminosity
Luminosity occurs in meteors as a result of decay of excited atomic (and a few molecular) states following collisions between ablated meteor atoms and atmospheric constituents (Ceplecha et al. 1998) . We can express this in the form of the normal luminous equation (Eq. (7)).
One can easily see that the value of τ I is of great importance in the results of Eq. (7).
Until quite recently, τ I had usually been assumed to increase linearly with velocity. This was previously suggested by Whipple (1938) . A direct observational study done by Verniani (1965) seemed to produce results indicating that τ I had the form
where, if all quantities were expressed SI units, τ 0 has the value of 5.25×10 −8 . One cannot rely on this equation, however, since Verniani did not account for the total effect of meteoroid fragmentation when determining τ 0 (Jones & Halliday 2001) .
More recently, Jones & Halliday (2001) have done work dealing with the luminous efficiency for higher velocity meteors (20 km s −1 ≤ v ≤ 100 km s −1 ). They define a universal excitation coefficient ζ by writing
where is a mean excitation energy and µ is an atomic mass. It turns out that the excitation coefficient ζ is a sum of excitation probabilities over collisions. If one rearranges Eq. (9) for τ I , one obtains
There are two important characteristics to note in the above equation: i) The luminous efficiency factor τ I depends on the ratio of the mean excitation energy to the atomic mass ( /µ) for important meteoric species, and ii) One must know the value of the excitation coefficient ζ to compute τ I . Although we do see some evidence of atmospheric radiation, the majority of the light comes from meteoric atoms. According to Bronshten (1983) , less than 3% of the visible light from meteors is due to excitation of atmospheric molecules. We used meteor spectra data given by Ceplecha et al. (1998) to compute /µ for the meteoric atoms and ions which produce the greatest light intensity in the visual regime. We then obtained the mean value of /µ, 7.668 × 10 6 J kg −1 , to represent /µ for a typical meteor used in our model.
The excitation coefficient ζ was split into several regimes:
In this regime, we used luminous efficiency data given by Becker & Friichtenicht (1971) for iron and /µ for iron to compute the universal excitation coefficient ζ.
When v = 6.2 km s −1 , Eq. (11) yields ζ = 0; in other words, the excitation probability over all collisions is zero, so no light will be produced.
(ii) 20 km s
Jones & Halliday (2001) used a luminous efficiency approximation for iron given by Friichtenicht & Becker (1973) and the relative intensities for the Fe multiplets given by Boitnott & Savage (1972) to obtain the following equation for the excitation coefficient:
Equation (12) The encouraging results from extrapolating the excitation coefficient to 60 km s −1 in the previous regime encouraged Jones & Halliday to extend it to velocities above 60 km s −1 . From 60 km s −1 ≤ v ≤ 100 km s −1 , values for ζ were determined based on the Boitnott-Savage crosssections for this region. These values of ζ were used in our model according to the following regression. points from between v = 95 km s −1 and v = 100 km s
as the basis for the linear extrapolation (given below in Eq. (14)). This will be the region which is least certain since there is no observational data available to compare with this extrapolation.
Although the excitation coefficient in all velocity regimes has been derived using luminous efficiency data and theoretical cross-sections for iron, through Eq. (10) we have used /µ for a typical meteoroid to determine the luminous efficiency of a meteoroid consisting not solely of iron. Figure 2 shows a graph of luminous efficiency factor vs. velocity throughout the aforementioned velocity regimes using the relationships for the excitation coefficient given above and the theory developed by Jones & Halliday (2001) .
Results
The purpose of this study was to examine the ablation of very high velocity meteoroids. Geocentric velocities of 71, 80, 90, 100, 125, 150, 175, 200, 300, 400 , and 500 km s −1 were considered. The velocity of 71 km s −1 lies just below the hyperbolic limit, while the other velocities examined are representative of either interstellar meteoroids or meteoroids which have been accelerated by mechanisms within the solar system. Meteoroid masses ranging from 10 −6 to 10 −13 kg (in increments of a factor of 10) were employed for each of the three structures (asteroidal, cometary and porous). The asteroidal meteoroids were assumed to have a molecular mass of 50 amu and a density of 3300 kg m −3 , while the cometary meteoroids were assumed to have a molecular mass of 20 amu and a density of 1000 kg m −3 , and the porous cometary meteoroids a molecular mass of 20 amu and a density of 300 kg m −3 . The meteor heights at peak light intensity (H max ) are presented in Fig. 3 (asteroidal structure) , Fig. 4 (cometary structure) and Fig. 5 (porous structure). These heights are observed to increase with velocity, the increase being more dramatic for smaller initial meteoroid masses. The observed dependence of H max on velocity is due to the fact that faster initial meteoroid velocities entail more energetic collisions between the meteoroid and the atmospheric constituents. Therefore, faster meteoroids do not need to travel as great a distance through the atmosphere before significant ablation begins.
The meteor heights at peak light intensity (H max ) also depend on the meteoroid density. By comparing Figs. 3-5, it is obvious that porous structure meteoroids consistently ablate higher than cometary structure meteoroids that in turn ablate higher than asteroidal structure meteoroids. A 10 −10 kg reaches its peak light intensity at a height of 133 km while the corresponding cometary and porous meteoroids have H max = 140 km and H max = 148 km respectively. This height dependence on density is due to the fact that for a fixed mass and shape, the lower density meteoroids have a greater crosssectional area enabling more collisions with the atmospheric constituents, and therefore a larger incident kinetic energy per unit meteoroid mass. It is often the case, especially when dealing with small, slow meteors, that meteoroid deceleration plays a significant role in reducing the rate of incident energy so that more of it can be dissipated through thermal radiation. In this study, however, deceleration was negligible in most cases and was not a dominant influence in any cases. For example, a 10 −10 kg porous structure meteoroid having an initial velocity of 125 km s −1 only decelerated to 124 km s −1 at its point of peak light intensity. The meteoroid whose velocity decreased by the largest fraction was a 10 −13 kg porous structure meteoroid having an initial velocity of 71 km s −1 . This meteoroid had decelerated to 62 km s −1 at the point it reached its maximum light intensity. In general, less massive meteoroids encounter more significant deceleration due to a higher ratio of cross sectional area to mass.
The one magnitude vertical trail lengths (∆H 1 ) are defined as the difference in altitude between the points before and after the meteor's maximum light intensity at which the meteor was one astronomical magnitude fainter than its peak light intensity. The two and three magnitude vertical trail lengths (∆H 2 and ∆H 3 ) are calculated in a similar manner. The one, two, and three magnitude trail lengths of asteroidal structure meteoroids are presented in Figs. 6a-6c atmospheric scale height is greater, resulting in a more spread out light curve.
Due to the mode of calculation, the trail lengths determined are highly sensitive to changes in the shapes of the meteor light curves. This may account for any anomalies in the curves plotted in Figs. 6-8. It is interesting to note that the trail lengths generally increase with mass up to a mass of approximately 10 −10 to 10 −7 kg before beginning to decrease. This Fig. 8. a) One magnitude trail lengths (∆H 1 ) for porous structure meteoroids. Data values were calculated for masses on factors of 10 ranging from 10 −6 to 10 −13 kg. b) Two magnitude trail lengths (∆H 2 ) for porous structure meteoroids. c) Three magnitude trail lengths (∆H 3 ) for porous structure meteoroids.
behaviour is due to the competition between two processes. For small meteoroid masses, one would expect a less spread out light curve simply because less energy is required for complete ablation. At the other extreme, large meteoroids ablate lower in the atmosphere where the atmospheric density is greater, accelerating the ablation process and decreasing the trail lengths. The competition between these two effects results in maximum trail lengths observed at the mid-mass range. to v 2 , the extrapolated luminous efficiency decreases with velocity (see Fig. 2 ) yielding the observed behaviour. It is obvious from Figs. 9-11 that the meteor's peak light intensity decreases by approximately 2.5 mag when the initial meteoroid mass increases by a factor of ten. This indicates that the light intensity (expressed in Watts) is roughly proportional to the meteoroid's initial mass. The peak light intensity (I max ) is observed to only vary slightly with the assumed meteoroid structure.
A great deal of uncertainty is introduced into the values of I max by the extrapolation of the luminous efficiency factor (τ I ). It is of crucial importance in meteor physics that the variation of the luminous efficiency factor with velocity be investigated in more detail. This is especially significant to studies dealing with very fast meteoroids, as there is no experimental data available in this velocity regime. It should be stressed, however, that the trail lengths and heights of peak light intensity are largely independent of the luminous efficiency factor and are thus not so strongly subject to the same uncertainty.
Light curves for 10 −8 kg asteroidal structure meteoroids with various initial velocities are displayed in Fig. 12 . Similar light curves for cometary and porous structure meteoroids are reported in Figs. 13 and 14 respectively. A mass of 10 −8 kg was chosen because meteoroids of this mass are sufficiently bright to be detected by sensitive electro-optical systems. It is observed that faster meteoroids radiate light over a larger range of heights. When examining the light curves presented in Figs. 12-14 it is important to bear in mind that the light intensity is expressed in absolute magnitude, and would not correspond to the apparent magnitude observed with a particular meteor range and observing system. When determining the light intensity that would be measured if a corresponding meteor were detected, the meteor height, the position of the observing station, the meteor velocity, and the attenuation of luminous energy by the atmosphere must be considered. While we have provided the entire luminous light curve in these graphs, clearly the lower values are completely unobservable since they are so faint.
Discussion
In this work we have provided the heights of ablation, vertical trail lengths and expected astronomical magnitudes of high geocentric velocity meteoroids. While the brightness of these meteors is strongly dependent on the luminous efficiency factor, and that is not well established for this velocity range, that uncertainty does not affect the trail lengths or the heights of ablation.
As noted earlier, by providing predictions of their observational characteristics our aim is to provide direction to those who seek to prove or disprove the existence of detectable numbers of high geocentric velocity interstellar origin meteoroids. The heights to be expected, in particular, could be used in optimizing a multi-station optical search for very high velocity meteors.
In general, this work suggests that very high geocentric velocity meteors could be observed with current technology if they exist. One of the somewhat surprising results is that the brightness of these meteors depends only weakly on velocity (this is primarily because the assumed luminous efficiency factor goes down with increasing velocity in this regime). However, the trail lengths become much longer with velocity. This means that the light will be spread out over a larger number of pixels on the detector (although this is partially compensated by the fact that high velocity meteors also occur at higher heights and ranges from the detector). This means that the apparent magnitudes will be reduced from the absolute magnitudes plotted in this paper due to this motion across a number of pixel elements, and there is a bias against very high geocentric velocity meteors. The correction for motion during a single frame integration time is given by Hawkes (1998 Hawkes ( , 2002 . The larger range of these high meteors further reduces the apparent magnitude.
In Rogers et al. (2005a) we will study in detail the probability of detection of these high geocentric velocity meteors using existing image intensified CCD technology. However, except for very narrow field of view systems we would expect that these meteors could be detected in multiple frames permitting velocity determination.
As mentioned in the introduction, there is no well established optical detection of a very high geocentric velocity meteor, although the observational sample is small. It should be pointed out that in multi-station observing campaigns with triangulation used to establish meteor trajectories and orbits there will be an observational bias according to the optimum intersection height assumed. Woodworth & Hawkes (1996) have performed a series of simulations in order to predict the significance of this bias. Their results show that the bias is very significant for narrow field of view systems, particularly when they look in directions well offset from the vertical. In another consideration of this bias, Campbell et al. (2000) considered the effect of the range on apparent magnitude, as well as the loss of probability of simultaneous detection. They found that for very large fields of view the effect is not strong. The results reported in this paper suggest that the apparent magnitudes of these meteors may be moderately faint. Unfortunately, detection of these meteors would require large apertures, normally related to longer focal lengths, and thus smaller fields of view with stronger biases. It should be kept in mind that the effective collecting area of narrow field of view systems is significantly more than the geometric collecting area (Kresakova 1977) .
The observational case for radar detections of very high velocity meteors is not clear. It appears that there are a few very high velocity meteors observed with systems such as AMOR, but the measurement errors also are very large for these meteors. In terms of predictions, while the ionizing efficiency goes up strongly with meteor velocity for moderate geocentric velocities, the dependence of ionizing efficiency at very high geocentric velocities is not clear. Jones (1997) has developed theoretical relationships for predicting the ionization coefficient for moderate velocities, which may possibly be extrapolated into the regime studied in this paper. The rapid diffusion of the ionization column at great heights severely diminish the radar return unless powerful radars with relatively large wavelengths are used (McKinley 1961) . Fragmentation may further weaken the radar return (Campbell & Jones 2001) , and the physical nature of interstellar origin meteoroids is not known. Most solar system meteoroids in this size range probably have a dustball structure (e.g. Fisher et al. 2000) .
